The outcome of fungal infections depends on interactions with innate immune cells. Within a population 14 of macrophages encountering C. albicans, there are distinct host-pathogen trajectories; however, little is 15 known about the molecular heterogeneity that governs these fates. We developed an experimental 16 system to separate interaction stages and single macrophage cells infected with C. albicans from 17 uninfected cells and assessed transcriptional variability in the host and fungus. Macrophages displayed 18 an initial up-regulation of pathways involved in phagocytosis and proinflammatory response after C. 19 albicans exposure that declined during later time points. Phagocytosed C. albicans shifted expression 20 programs to survive the nutrient poor phagosome and remodeled the cell wall. The transcriptomes of 21 single infected macrophages and phagocytosed C. albicans revealed a tightly coordinated shift in gene 22 expression co-stages and revealed expression bimodality and differential splicing that may drive infection 23 outcome. This work establishes an approach for studying host-pathogen trajectories to resolve 24 heterogeneity in dynamic populations. 25
Introduction 27 28
Interactions between microbial pathogens and the host innate immune system are critical to determining With this approach, each infected macrophage and the corresponding phagocytosed C. albicans received 253 the same sample barcode, allowing us to pair transcriptional information for host and pathogen at the 254 single, infected cell level ( Figure 3A) . While we successfully isolated single infected macrophages via 255
FACS, we cannot control for the number of C. albicans cells inside of each macrophage with this 256
approach, since macrophages can phagocytose variable numbers of C. albicans cells 12 . We obtained 257 4.03 million paired-end reads per infected cell on average; a total of 449 single, infected macrophages 258 had more than 1 million paired-end reads (Table S1 ). For macrophages with live C. albicans, we found 259 an average 75% of reads mapped to host transcripts and 11% of reads mapped to C. albicans transcripts 260 ( Figure 3B ). Although parallel sequencing of host and pathogen decreases the sensitivity to detect both 261
transcriptomes from a single library, of the 224 single macrophages infected with live C. albicans with 262 more than 0.5 million reads, 202 (90.2%) had at least 2,000 host-transcripts detected (> 1 Transcripts 263
Per Million, TPM; 3,904 on average), and 162 (72.3%) had at least 600 C. albicans transcripts detected 264 (> 1 TPM; 1,435 on average; Figures 3B, S7 ). The fact that we detected fewer fungal transcripts relative 265 to the host was expected, as the fungal transcriptome is approximately four times smaller than the host 266 transcriptome. Relative to the number of transcripts detected in the RNA-Seq of subpopulations of 267 macrophages infected with live C. albicans, in single-infected-cells we detected 38% and 31% (on 268 average) of the transcripts for host and C. albicans respectively, indicating that we obtained adequate 269 sequencing coverage for both species. Additionally, we found that pooling single infected cell expression 270 measurements could recapitulate the corresponding subpopulation expression levels. We found that the 271 extensive cell-to-cell variation between single infected macrophages (average Pearson's from r 0.18 to 272 0.88; Figure 3C ) was reduced when we aggregated the expression of 32 single-cells ( Figure S8 ). These 273 results are consistent with previous single cell studies of immune cells 13, 14, 23 and indicate that we can 274 accurately detect gene expression in single infected macrophages and phagocytosed C. albicans.
276
Dynamic host-pathogen co-stages defined by analysis of single macrophages infected with live 277
C. albicans 278 279
To finely map the basis of heterogeneous responses during infection, we clustered cells by differential 280 expressed genes and identified host-pathogen co-stages of infection in groups of infected macrophages 281 and phagocytosed C. albicans pairs that showed similar gene expression profiles (Figures 3A, 4A) . 282
Briefly, we used genes exhibiting high variability across the infected macrophages and live, phagocytosed 283 C. albicans at 2 and 4 hours. We then reduced the dimensionality of the expression with principal 284 components analysis (PCA), and clustered cells with the t-distributed stochastic neighbor embedding 285 approach (t-SNE) 24 Table  293 S6). This set comprises pro-inflammatory repertoire, such as cytokines (Tnf, Ilf3, Ccl7), transmembrane 294 markers (Cd83, Cd274), interleukin receptors (Il21r, Il4ra, Il6ra, Il17ra) and the high affinity receptor for 295 the Fc region (Fcgr1), and the transcriptional regulators Cebpb and Cebpa (Figures 4A, 4B ). Many genes 296 variably expressed in these single, infected macrophages were also found to be up-regulated in 297 subpopulations of infected and exposed macrophages (e.g. Tnf, Orl1, Figures S5, S10) ; however, 298 significant differences of these genes were not detected in the RNA-Seq of subpopulations between 2 299 and 4 hours, which highlights cell-to-cell variability within each time point that can only be observed in 300 single infected macrophages. expression of these transporters and glyocylate cycle genes was reduced instead expression of genes 313 (n = 86; LRT 26 , P < 0.001; Table S7 ) enriched in carbon metabolism was increased of (P = 2.43e-05; 314 enriched GO term, corrected-P < 0.05, hypergeometric distribution with Bonferroni correction; Table S8), 315
including genes related to glycolysis and gluconeogenesis (PGK1), fatty acid biosynthesis (FAS1, ACC1), 316
and genes associated with filamentation (ECE1, HWP1, OLE1, RBT1); at this stage, the majority of 317 infected macrophages down-regulated expression of pro-inflammatory cytokines (co-stage of infection 2; 318
Figure 4A). 319
To more finely trace how cells shift their expression program between infection co-stages we performed 320 pseudo-time analysis using Monocle 27 (Methods). We observed that the majority of infected 321 macrophages and phagocytosed C. albicans pairs followed a linear expression trajectory between two 322 major endpoints or clusters, recapitulating the two major infection co-stages; some cells exhibited 323 alternative expression paths, suggesting the existence of minor cell trajectories (Figures 4B, S11 ). This 324 ordering of cells revealed an early group of infected macrophages that expressed high levels of pro-325 inflammatory cytokines that decreased over time across intermediate and late groups (Figures 4B, top ; 326 S11). Similarly, in phagocytosed C. albicans, an initial group of cells showed low expression levels of 327 genes related to filamentation which increased over time (Figure 4B , bottom; S11). In this analysis, the 328 fraction of phagocytosed C. albicans shifting to high expression of filamentation genes across pseudo-329 time increased slightly faster than the fraction of macrophages exhibiting decreased levels of expression 330 of pro-inflammatory cytokines (10% more cells in the late pseudo-time range; Figure 4B ). This suggests 331 that the expression heterogeneity in macrophages could be driven by the expression heterogeneity in C. 332 albicans ( Figure 4B ). This was also supported by unsupervised clustering, where some phagocytosed 333 C. albicans collected at two hours were assigned to the second cell stage and appeared to initiate the 334 transcriptional shift in immune response earlier than in the corresponding macrophage ( Figure 4A) . In 335 summary, the major co-stages of infection largely correspond to time of infection; however, trajectory 336 analysis highlights an asynchronous and linear transition associated with the induction of filamentation 337 and metabolic adaptation in C. albicans which, correlates with a shift from a strong to a weak pro-338 inflammatory gene expression profile in the host. 339
Expression bimodality in host and fungal pathogen measured in single macrophages infected 341 with live Candida albicans 342 343
To further examine heterogeneity in gene expression, we characterized modality of expression profiles 344 across host-pathogen single cells, and then compared these distributions between 2 and 4 hours using 345 a normal mixture model and Bayesian modeling framework as implemented in scDD 28 (Methods). 346
Overall, an average of 84.5% of genes detected across single infected macrophages displayed unimodal 347 gene expression distributions ( Figure 5A ; Table S9 ). Highly expressed unimodal genes (top 5%) with 348 similar expression levels at 2 and 4 hours encompassed genes involved in opsonization and C. albicans 349 recognition, such as complement proteins (C1qb, C1qc) and galectin receptors that recognize beta-350
Figures 5B and S12). This suggests that variably expressed pathogen-specific receptors may play a role 375 in these interactions, even in clonal populations of cells. 376
377
We next characterized variation in isoform usage between single macrophages during C. albicans 378 infection, including immune response genes. Briefly, we calculated the frequency (percentage spliced in 379 (PSI)) of previously annotated splicing events and identified differential isoform usage between single 380 infected macrophages using BRIE 29 (Methods). We detected differential splicing between macrophages 381 in 144 genes, including the immune response genes Clec4n (Dectin-2), Il10rb and Ifi16 (cell pairs > 2000; 382
Bayes factor > 200; Table S10 ). Notably, Dectin-2 had differential exon retention between macrophage 383 stages, with the Dectin-2 α isoform (6 exons) predominantly in stage 1, and Dectin-2 β isoform (5 exons) 384 predominately in stage 2 (Figure 6 ). The truncated isoform Dectin-2 β lacks part of the intracellular 385 domain and most of the transmembrane domain of the receptor 30 . We found that Dectin-2 β has a lower 386 posterior probability of transmembrane helix (p = 0.80; TMHMM2) as compared as Dectin-2 α (p = 0.99; 387 TMHMM2; Figure S13 ). The lack of this transmembrane region has been proposed to encode a secreted 388 protein, which may act as an antagonist to full-length Dectin-2 30 . Activation of Dectin-2 receptors on 389 macrophages and dendritic cells by C. albicans leads to Th17 T cell differentiation to assist in the immune 390 response 31,32 . These results suggest that splicing variation among single macrophages might indicate 391 different potentials to respond to fungal infection. 392
393
We next hypothesized that C. albicans may also demonstrate expression heterogeneity and bimodality 394 that is linked with expression in the corresponding macrophage cell. We found an average of 23% C. 395 albicans genes that showed patterns of bimodality at 2 and 4 hours, including a subset of virulence-396 associated genes that also showed shifts in mean expression, modality, and proportions of cells across 397 and within 2 and 4 hours (P < 0.05, Benjamini-Hochberg adjusted Fisher's combined test; Figure 5A ; 398 Table S10 ). Differential expression of those genes explained most of the variation across infection co-399 stages ( Figure 4A ) and were more important for C. albicans fate decision and trajectory ( Figure 4B) . 400
This set of genes were enriched in cell adhesion and filamentation, oxidation-reduction process and fatty 401 acid oxidation (enriched GO term, corrected-P < 0.05, hypergeometric distribution with Bonferroni 402 correction; Table S10), including genes involved in the core filamentation network (ALS3, ECE1, HGT2, albicans infection assay). Briefly, the pUC57 vector containing mCherry driven by ADH1 promoter (Bio 512 Basic) was digested and this portion of the plasmid was ligated into a pDUP3 vector 43 containing GFP, 513 also driven by ADH1 promoter, a NAT R marker, and homology to the Neut5L locus. The resulting plasmid 514 was linearized and introduced via homologous recombination into a neutral genomic locus, Neut5L, using 515 chemical transformation protocol with lithium acetate. Transformation was confirmed via colony PCR and 516 whole-genome sequencing. A whole genome library was created from strain CAI4-F2-Neut5L-NAT1-517 mCherry-GFP using Nextera-XT library construction strategy(Illumina) and sequenced on an Illumina 518 MiSeq (150x150 paired end sequencing; approximately 28 million reads). Sequencing reads were de 519 novo assembled using dipSPAdes 44 . Scaffolds were queried back to the plasmid sequence used to 520 transform CAI4-F2 using BLAST 45 . Sequencing coverage was visualized using IGV 46 . 521 pipetting, 2 wells for each time point were combined into one tube. Each time point was run in biological 544 triplicate. Samples were then spun down at 37 °C, 300g for 10 minutes and resuspended in 1 ml PBS + 545 2% FCS and placed on ice until FACS. RNAlater was used shortly after sorting, as this reagent leads to 546 decreased GFP expression 49 . To control for gene expression changes that may be induced by FACS, 547 only sorted samples were used in comparative analyses. For population samples, the RT reaction was carried out with the following program, as described 50 , with 567 the addition of RNAse inhibitor (ThermoFisher) at 40U/ul. cDNA was generated from single cells based 568 on the Smart-seq2 method as described previously 51 , with the addition of RNase inhibitor was used at 40 569 U/ul (ThermoFisher) and 3.4 ul of 1 M trehalose was added to the RT reaction. All libraries were 570 constructed using the Nextera XT DNA Sample Kit (Illumina) with custom indexed primers as described 51 . 571
Infection subpopulation samples were sequenced on an Illumina NextSeq (37 x 38 cycles). Candida only 572 samples were sequenced on an Illumina MiSeq (75 x 75 cycles). Single infected cells were sequenced 573 on Illumina's NextSeq (75x75 cycles). 574
Read processing and transcript quantification of population-RNA-Seq 576
Basic quality assessment of Illumina reads and sample demultiplexing was done with Picard version 577 1.107 and Trimmomatic 52 . Samples profiling exclusively the mouse transcriptional response were aligned 578 to the mouse transcriptome generated from the v. Dec. 2011 GRCm38/mm10 and a collection of mouse 579 rRNA sequences from the UCSC genome website 53 . Samples profiling exclusively the yeast 580 transcriptional response were aligned to transcripts from the Candida albicans reference genome 581 SC5314 version A21-s02-m09-r10 downloaded from the Candida Genome Database 582 (http://www.candidagenome.org). 583
584
Samples from the infection assay profiling in parallel host and fungal transcriptomes, were aligned to a 585 "composite transcriptome" made by combining the mouse transcriptome described above and the C. 586 albicans transcriptome described above. To evaluate read mappings, BWA aln (BWA version 0.7.10-587 r789, http://bio-bwa.sourceforge.net/) 54 was used to align reads, and the 'XA tag' was used for read 588 enumeration and separation of host and pathogen sequenced reads. Multi-reads (reads that aligned to 589 both host and pathogen transcripts) were discarded, representing only an average of 2.6% of the 590 sequenced reads. Then, each host or pathogen sample file were aligned to its corresponding reference 591 using Bowtie2 55 and RSEM (RNA-Seq by expectation maximization; v.1.2.21). Transcript abundance was 592 estimated using transcripts per million (TPM). Since parallel sequencing of host and pathogen from single 593 macrophages increased the complexity of transcripts measured compared to studies of only host cells 594 v.1.2.21) 58 . Transcript abundance was estimated using transcripts per million (TPM). For read mapping 610 counts paired-reads were aligned to the 'composite reference' as described above. 611
612
For each single macrophage infected with C. albicans, we quantified the number of genes for which at 613 least one read was mapped (TPM > 1). We filtered out low-quality macrophage or C. albicans cells from 614 our data set based on a threshold for the number of genes detected (a minimum of 2,000 unique genes 615 per cell for macrophages, and 600 unique genes per cell for C. albicans, and focused on those single 616 infected macrophages that have good number of transcript detected in both host and pathogen (Figure 617 analyses, most of which were performed using the R software package Seurat 627
Detection of variable genes, cell clustering and trajectory 644
To classify the single cell RNA-Seq from macrophages and C. albicans, the R package Seurat was 645 used 25 . We first selected variable genes by fitting a generalized linear model to the relationship between 646 the squared co-efficient of variation (CV) and the mean expression level in log/log space, and selecting 647 genes that significantly deviated (p-value < 0.05) from the fitted curve, as implemented in Seurat, as 648 previously described 15 . Then highly variable genes (CV > 1.25; p-value < 0.05) were used for principle 649 component analysis (PCA), and statistically significant determined for each PC using JackStraw plot 650 function. Significant PCs (p-value < 0.05) were used for two-dimension t-distributed stochastic neighbor 651 embedding (tSNE) to define subgroups of cells we denominated host-pathogen co-states. We identified 652 differentially expressed genes (corrected-p < 0.05) between co-states using a likelihood-ratio test ( 
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